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The Truncated Cytoplasmic Tail of HLA-G
Serves a Quality-Control Function
in Post-ER Compartments
Since the dilysine residues of HLA-G are present in posi-
tions that are similar, if not the same, as positions that
are found in typical dilysine retrieval signals, these dily-
sine residues might function as a retrieval signal in the
context of HLA-G molecules. Even if HLA-G is retrieved,
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retrieval does not necessarily mean an ultimate ER re-Seoul 136-701
tention of HLA-G, as is the case for proteins with typicalKorea
dilysine motifs, because, unquestionably, HLA-G ex-
pression is detected at the cell surface.
The folding, assembly, and peptide loading of MHCSummary
antigens provides an example of quality control that is
tailored to regulate antigen presentation. Quality controlIn contrast to the current model of MHC class I traffick-
of MHC class I molecules in vivo has been delineateding, which predicts that once a MHC class I molecule
in great detail, focusing mainly on the importance ofleaves the ER, it moves to the cell surface by bulk flow,
peptide and ER-resident chaperone molecules for thewe show that HLA-G that is loaded with suboptimal
folding and subsequent exit of class I molecules frompeptides is retrieved from post-ER compartments to
the ER (reviewed in Cresswell et al., 1999). The itinerarythe ER. Loading of HLA-G with high-affinity peptides
of these molecules after exit from the ER remains un-abrogates this retrieval due to the lack of binding affin-
known. Upon exit from the ER, class I molecules areity to coatomer. Moreover, the loss of the endocytosis
assumed to reach the cell surface quickly, without re-motif in the truncated cytoplasmic tail results in the
quiring positive sorting (Jackson et al., 1994).prolonged half-life of HLA-G on the cell surface. Our
To date, the quality-control mechanisms of HLA-Gfindings reveal that surface expression of HLA-G can
have not been studied in the ER or in downstream com-be further regulated in post-ER compartments and
partments of the secretory pathway. Considering thethat the truncated cytoplasmic tail plays a critical role
above features of the truncated cytoplasmic tail ofin such quality-control mechanisms.
HLA-G, the regulated expression of HLA-G at the cell
surface might conceivably be achieved further in theIntroduction
post-ER compartments by either one or both of two
mechanisms. One mechanism might involve the turn-HLA-G is a particularly interesting nonclassical MHC
over rate of HLA-G so that it arrives at the cell surfaceclass I molecule because, unlike other MHC class I mole-
soon after leaving from the ER. The degradation ratecules, it is expressed primarily in trophoblast cells and
following endocytosis would affect the steady-state ex-has limited polymorphism (Shawar et al., 1994). Recent
pression level of class I molecules at the cell surface.evidence shows that HLA-G protects trophoblast cells
The loss of an endocytosis motif in the truncated cyto-from recognition by NK cells (Munz et al., 1997; Rajago-
plasmic tail of HLA-G might result in the prolonged reten-palan and Long, 1999); expression of HLA-G on mela-
tion of HLA-G at the cell surface, as suggested pre-noma cells protects them from lysis by NK cells (Paul
viously (Davis et al., 1997). An alternate mechanismet al., 1998).
might involve the rerouting of class I molecules in theAlthough HLA-G shares most of the structural proper-
Golgi network. If rerouting of HLA-G with certain featuresties of classical MHC class I molecules, HLA-G also
to the ER involves selective retrieval, this mechanism
exhibits some unique features. In particular, when com-
would result in the controlled expression of HLA-G on
pared to other MHC class I molecules, HLA-G has a
the plasma membrane. The sorting of MHC class I mole-
much shorter tail (six amino acids, RKKSSD), because cules in the Golgi apparatus would represent a novel
its translation is terminated by a stop codon in exon 6 mechanism that could control the nature and quantity of
(Geraghty et al., 1987). In view of protein trafficking, the cytosolic peptide antigens displayed at the cell surface.
truncated cytoplasmic tail of HLA-G has lost potential Such a control mechanism could in turn regulate NK
endocytosis signals which are found in the cytoplasmic cell activity and CD8 T cell development and function.
tails of all MHC class I molecules with the form of either To explore these possibilities, we examined intracellu-
a tyrosine- or dileucine-based motif. In addition, the lar trafficking of HLA-G and its turnover rate on the
truncation has brought the dilysine residues to positions cell surface. Surprisingly, we found that the assembled
4 and 5 from the C terminus of HLA-G. For type I HLA-G complexes are recycled between the ER and the
integral membrane proteins, a KKXX or XKXX motif (K cis-Golgi by the dilysine motif possessed in the trun-
residues at the 3 or 3 and 4 positions), referred to cated cytoplasmic tail of HLA-G. Upon assembly with
as dilysine motifs, functions as an efficient ER retrieval high-affinity peptides, the retrieval of HLA-G is dimin-
and retention signal (Jackson et al., 1990; Nilsson et al., ished, resulting in increased cell surface expression. In
1989). This signal confers localization to the ER by a addition, the loss of the endocytosis motif in the trun-
coat protein complex I (COP I)-mediated retrieval from cated cytoplasmic tail results in the prolonged half-life
post-ER compartments (Teasdale and Jackson, 1996). of HLA-G on the cell surface. Our findings reveal a critical
role for the truncated cytoplasmic tail in quality control
of HLA-G at the level of the post-ER compartments.1 Correspondence: ksahn@korea.ac.kr
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Figure 1. Transport Kinetics of HLA-G Mole-
cules
(A and B) JEG-3 cells (A) or 721.221 cells (B)
stably expressing HLA-G were labeled with
[35S]methionine for 25 min and chased for the
indicated times. Cell lysates were immuno-
precipitated with either the mAb W6/32 (A) or
the mAb G233 (B). The proportion of endo
H-resistant protein was estimated by measur-
ing the optical density of the endo H-resistant
[r] and endo H-sensitive [s] bands and calcu-
lating the ratio of [r] to the total protein ([r] [s]).
(C) HeLa cells expressing the tetracycline-
inducible US6 were transfected with HLA-G.
Cells were metabolically labeled for 15 min
and chased for the indicated time period.
After lysis in 1% NP-40, lysates were divided
into two aliquots and either kept on the ice
or incubated at 37C for 1 hr prior to immuno-
precipitation with the mAb W6/32. Data are
from one of three independent experiments
with similar results. r, endo H-resistant; s,
endo H-sensitive.
Results the JEG-3 cells (Figure 1B), indicating that the slow
transport kinetics of HLA-G is not cell-type specific.
We next examined the possibility that the intracellularUnusually Slow Transport Kinetics of HLA-G
To test whether the truncated cytoplasmic tail influences transport of HLA-G was delayed due to its impaired
assembly, as observed for classical MHC class I mole-HLA-G trafficking, we examined the rates of biosynthe-
sis and maturation of HLA-G by analyzing endoglycosi- cules from cells that expressed TAP inhibitors, either
HCMV US6 or HSV ICP47 (Ahn et al., 1997). A stabledase H (endo H) digestion. The choriocarcinoma cell
line JEG-3 expresses HLA-G and HLA-C, both of which HeLa cell line (Ahn et al., 1997), in which US6 can be
expressed upon removal of tetracycline, was trans-are recognized by the W6/32 mAb and are discernible
by the difference in their molecular weights (Jun et al., fected with HLA-G, and peptide loading was assessed
by a temperature-stability assay (Townsend et al., 1990).2000). Pulse-chase experiments showed that 49.2% of
labeled HLA-G had matured to endo H-resistant forms Empty MHC class I molecules are unstable and undergo
an irreversible conformational change at 37C due to2 hr after synthesis (Figure 1A). In contrast, 90.1% of
HLA-C was endo H resistant after 1 hr (Figure 1A). With heavy chain dissociation from 2m. Such unfolded class
I molecules cannot be recognized by the conformation-shorter chases, we found that only 20 min was required
for 50% of HLA-C to mature (data not shown). The half- dependent mAb W6/32. Similar amounts of W6/32-reac-
tive endogenous MHC class I and HLA-G moleculestime for HLA-C maturation was close to the values re-
ported previously for other classical MHC class I mole- were synthesized during the 15 min labeling period both
in the presence and in the absence of tetracycline (Fig-cules, such as HLA-A or HLA-B (Ahn et al., 1997). To
determine whether the distinctly slow processing of ure 1C). However, almost no class I heterodimers could
be immunoprecipitated from cells expressing US6 afterHLA-G is limited to specific cell types, we used HLA-G-
expressing LCL 721.221 cells to repeat the identical the lysates were incubated at 37C for 1 hr at both chase
time points (Figure 1C, right). In US6-expressing cells,experiments as conducted in JEG-3 cells. The half-time
for maturation of HLA-G was estimated to be 2 hr, similar both endogenous class I molecules and HLA-G were
consequently being degraded rather rapidly during theto the overall transport kinetics that was observed in
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longer chases so that we could not detect HLA-G mole- closely fulfills the position requirement from the C termi-
nus (4 and 5).cules at the 2 hr time point (data not shown). In contrast,
To examine whether HLA-G recycles through thein HeLa cells that did not express US6, not only endoge-
post-ER compartments, we treated cells that were ex-nous MHC class I but also HLA-G molecules acquired
pressing HLA-G molecules or chimeras with nocoda-full thermostability even at the 0 min chase point (Figure
zole. Nocodazole disrupts microtubules, leading to dis-1C, left). This result suggested that HLA-G molecules
integration of the Golgi and interruption of traffic amongwere loaded with peptides immediately after synthesis.
the Golgi, the ER-Golgi intermediate compartmentThus, we ruled out the possibility that impaired assembly
(ERGIC), and the ER (Lippincott-Schwartz et al., 1990).by lack of peptide loading is responsible for the slow
The intracellular distribution of HLA-G was comparedtransport kinetics of HLA-G.
with the distribution of CD8/E19, the CD8 chimera that
is tagged with a C-terminal dilysine motif of the cyto-Lysine Residues in the Truncated Cytoplasmic Tail
plasmic tail of the adenoviral E3/19K protein and subse-of HLA-G Are Responsible for Its Slow Trafficking
quently shown to be maintained in the ER by retrievalThese results suggest that the slow transport kinetics
(Jackson et al., 1993). After treating cells with 20 Mof HLA-G is attributable to its intrinsic properties. The
nocodazole for 5 hr, the staining pattern of CD8/E19cytoplasmic tail of HLA-G is much shorter (six amino
disappeared from the ER, whereas much of the immuno-acids) than the cytoplasmic tails of the other MHC class
reactive CD8/E19 was concentrated in large spotsI molecules (Geraghty et al., 1987) (Figure 2A). This tail
around perinuclear region (Figures 3Aq and 3Ar). Thecontrasts with the relative conservation of the other re-
same result was obtained for endogenous PDI, anothergions of MHC class I molecules. To address whether
ER-resident marker that contains a KDEL signal for re-the slow transport of HLA-G was due to its short cyto-
trieval (Figures 3Ak and 3Al). The staining pattern forplasmic tail, we constructed chimeras in which the cyto-
wild-type HLA-G in nocodazole-treated cells changedplasmic tails of HLA-G and HLA-A2.1 were exchanged
significantly and resembled the pattern seen with CD8/(Figure 2B). Pulse-chase experiments showed that the
E19 and PDI (Figure 3Ab). The staining pattern for en-HLA-A/G tail, in which the cytoplasmic tail of HLA-A2.1
dogenous HLA (compare Figures 3Ac and 3Ad) re-was replaced with the tail of HLA-G, maturated very
mained unchanged after treatment, indicating that theslowly (Figure 2D), similar to the maturation rates for
punctate staining is indeed specific to HLA-G. As ex-wild-type HLA-G (Figure 2C). In contrast, the reciprocal
pected, without treatment, the ERGIC marker p58 exhib-chimera HLA-G/A tail matured more quickly than HLA-G
ited perinuclear staining, which changed to more punc-(Figure 2E), more similar to the endogenous MHC class
tate staining after treatment with nocodazole (FiguresI molecules that were expressed in HeLa cells (Figure
3Am and 3An). In the presence of nocodazole, the distri-2D, upper bands). These results indicate that the short
bution of Man II, a Golgi marker, also changed from acytoplasmic tail sequence of HLA-G is the principle de-
compact juxtanuclear to a punctate perinuclear patternterminant involved in slow trafficking. In order to exam-
(Figures 3Ao and 3Ap).ine the potential involvement of the dilysine motif for
To further examine whether the punctate staining ofmediating the slow transport kinetics of HLA-G, the
HLA-G can be attributed to the dilysine motif of theC-terminal sequence of the wild-type HLA-G (RKKSSD)
cytoplasmic tail, we repeated the same experiments,was replaced with the sequence RAASSD. This replace-
this time using domain-swapped chimeras and a re-ment resulted in a protein which acquired endo H resis-
placement mutant. The HLA-A/G tail clearly exhibitedtance at a rate that was similar to that for HLA-G/A tail
the punctate staining after treatment with nocodazole
or the endogenous MHC class I molecules (Figure 2F).
(Figures 3Ae and 3Af) and resembled the staining pattern
From this experiment we have established that it is the
of wild-type HLA-G. The staining patterns of the HLA-
dilysine residues that are responsible for the slow traf- G/A tail and HLA-G/RAASSD remained unchanged (Fig-
ficking of HLA-G. ures 3Ah and 3Aj, respectively) and could not be dis-
cerned from the pattern that was observed for endoge-
Retrieval of HLA-G from the Post-ER Compartment nous HLA molecules. These results provide strong
to the ER evidence that HLA-G is retrieved to the ER from post-
The sensitivity of HLA-G to endo H digestion cannot ER compartments by a dilysine motif of the cytoplasmic
distinguish whether it is strictly retained in the ER or tail.
whether it has been retrieved from the cis-Golgi. There- To test the possibility that the retrieval of HLA-G was
fore, the slow ER-to-Golgi transport of HLA-G might be due to the specific binding of coatomer to dilysine motifs
the consequence of slow maturation before leaving the present in the truncated cytoplasmic tail, we performed
ER or might be reminiscent of a steady-state rate char- coimmunoprecipitation experiments. For each transfec-
acteristic of HLA-G by retrieval from the cis-Golgi to the tant, whole-cell lysates were immunoprecipitated with
ER. Of note is that all MHC class I molecules contain the indicated antibodies (Figure 3B). We resolved these
potential retrieval signals with dilysine, or at least diar- immunoprecipitates by SDS-PAGE and used an antise-
ginine, residues at a region that is proximal to the cyto- rum to -COP, a subunit of coatomer, for immunoblot
plasmic tail (Figure 2A). However, two lysine residues analysis. Coatomer binds dilysine-tagged proteins, a
should be positioned at 3 and 4 (KKXX) or 3 and5 physical interaction that is essential for their retrieval to
(KXKXX) from the C terminus for proper retrieval function the ER (Letourneur et al., 1994). Consistent with this
(Jackson et al., 1990; Teasdale and Jackson, 1996). Con- requirement, our data show that anti-CD8-immuno-
sidering this requirement, the dilysine motif of HLA-G is precipitates coimmunoprecipitated -COP (Figure 3B,
fourth panel), indicating that the dilysine motif of E19likely to function as a retrieval signal, since only HLA-G
Immunity
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Figure 2. Identification of Determinants Responsible for Slow Trafficking of HLA-G
(A) Comparison of cytoplasmic tail sequences of HLA molecules. The putative ER retrieval and endocytosis signals are underlined and boxed,
respectively.
(B) Schematic representation of chimeras. Each domain is shown as either a shaded box (HLA-G) or an open box (HLA-A2.1).
(C–F) HeLa cells transfected with HLA-G ([C]), HLA-A/G tail ([D]), HLA-G/A tail ([E]), or HLA-G/RAASSD ([F]) constructs were labeled with
[35S]methionine for 25 min and chased. The expressed proteins were immunoprecipitated with either the mAb G233 ([C], [E], and [F]) or the
mAb W6/32 ([D]), and immunoprecipitated proteins were treated with endo H before analysis by SDS-PAGE.
mediates the binding of CD8/E19 to -COP. In control these cells when preimmune mouse IgG was used (Fig-
ure 3B, the last lane of each panel). Immunoprecipitationsamples, immunoblotting of both directly loaded lysates
and anti--COP-immunoprecipitated material revealed of both HLA-G and HLA-A/G tail coimmunoprecipitated
-COP (Figure 3B, first and second panel, respectively),a single band of 107 kDa, as expected for -COP (Figure
3B, the first and second lanes of each panel, respec- whereas no -COP was coimmunoprecipitated for en-
dogenous HLA, HLA-G/A tail, or HLA-G/RAASSD (Figuretively). The specificity for -COP immunoprecipitation
was shown by the fact that no protein was detected in 3B, second, third, and fifth panel, respectively). The im-
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Figure 3. Retrieval of HLA-G from Golgi to ER
(A) Effect of nocodazole treatment on the intracellular distribution of HLA-G. HeLa cells were transfected with HLA-G or chimeric cDNAs.
Forty-eight hours posttransfection, the cells were incubated for an additional 5 hr in the presence (Nz) or absence (Nz) of 20 M nocodazole.
Cells were then fixed, permeabilized, and labeled with the appropriate antibodies.
(B) Interaction of -COP with the dilysine motif present in the truncated cytoplasmic tail of HLA-G. HeLa cells were transfected with HLA-G,
HLA-G/A tail, HLA-A/G tail, HLA-G/RAASSD, or CD8/E19 cDNAs. Forty-eight hours posttransfection, cells were lysed with 1% digitonin. The
indicated antibodies were used for immunoprecipitation of cell lysates. The immunoprecipitated proteins were resolved by SDS-PAGE and
blotted with the anti--COP mAb.
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paired binding of these proteins was not due to inconsis- by an increase in its cell surface expression, we also
analyzed aliquots of the cells that were expressing thetencies in the sample loading, because reblotting with
the K455 antibody verified that each lane contained a minigenes. Figure 4C shows that the density of HLA-G
on the cell surface increased 2- to 3-fold upon expres-comparable amount of sample (data not shown). These
findings clearly establish the fact that HLA-G specifically sion of the high-affinity peptides, as indicated by fluores-
cence-activated cell sorter (FACS) analysis. Therefore,binds coatomer in vivo and that the dilysine motif of the
cytoplasmic tail is responsible for this binding. On the we conclude that the endo H-resistant forms of HLA-G
that are shown in Figure 4B presumably represent abasis of data from the temperature-sensitivity assay
(Figure 1C), the biosynthesis of chimeric mutants (Fig- population at the cell surface.
The correlation of fast transport kinetics and in-ures 2D–2F), and the retrieval phenomenon, we con-
clude that the slow transport kinetics of HLA-G reflects creased steady-state levels of HLA-G at the cell surface
with the high-affinity peptide supply prompted us tothe continuous recycling of assembled HLA-G mole-
cules between the ER and the cis-Golgi. examine whether HLA-G molecules, upon binding high-
affinity peptides, are not retrieved from the post-ER
compartment but rather transported directly to the cellBinding of High-Affinity Peptides Diminishes
surface. Surprisingly, after treating cells with nocoda-Retrieval of HLA-G Molecules
zole, the punctate staining pattern of HLA-G, which isAlthough we showed that HLA-G is recycled to the ER,
indicative of retrieval, was not observed in cells thatunlike many ER-resident proteins containing dilysine
were expressing minigenes that encoded high-affinitymotifs (Pelham, 1995), retrieval does not result in com-
peptides (Figure 4D). In fact, this staining pattern ratherplete retention of HLA-G in the ER. It is well established
resembled the pattern observed for the endogenousthat HLA-G can be detected on the cell surface at steady
classical MHC class I molecules and HLA-G/A tail, asstate. Thus, some HLA-G must escape retrieval and be
shown in Figure 3A.transported to the cell surface.
We analyzed the interaction of HLA-G with -COPWhat determines whether HLA-G is to be recycled?
in coimmunoprecipitation experiments to examine theTo see if the quality of peptide ligands is the determinant
possibility that HLA-G molecules that have acquiredfor retrieval, we examined the intracellular trafficking of
high-affinity peptide ligands no longer bind coatomer,HLA-G upon loading of high- or low-affinity peptides
escape retrieval, and are subsequently transported tousing the reconstitution system for MHC class I trans-
the cell surface. Immunoprecipitation of HLA-G fromport as described (Androlewicz et al., 1993). Peptides
lysates of mock transfectants coprecipitated a substan-presented by HLA-G are featured by the sequence XI/
tial amount of -COP (Figure 4E, lane 2). However, muchLPXXXXXL, where X is any amino acid (Diehl et al.,
less -COP coprecipitated with HLA-G from lysates of1996; Lee et al., 1995). Upon exogenous supply with
cells that were expressing minigenes that encoded high-KIPAQFYIL peptides that had been confirmed by pep-
affinity peptides. This reduced binding was not due totide binding analysis to be of high affinity (Diehl et al.,
a difference in the loading of samples, as established1996), HLA-G molecules were transported with faster
by reblotting with the K455 antibody, which revealedkinetics when compared to those molecules without
comparable amounts of HLA-G molecules in each laneadded peptides (see Figure 2C). More than 90% of la-
(Figure 4E, compare lanes 2 and 3). These results dem-beled HLA-G was resistant to endo H treatment at the
onstrate that HLA-G molecules that are loaded with90 min chase point (Figure 4A, right). Interestingly, in the
high-affinity peptide ligands, due to the lack of bindingpresence of KGGAQFYIL low-affinity peptides, HLA-G
affinity to -COP, escape retrieval and are directly trans-molecules were almost completely sensitive to endo H
ported to the plasma membrane. On the basis of thesetreatment, even at the 180 min chase (Figure 4A, left),
results, we conclude that the truncated cytoplasmic tailsuggesting that the low-affinity peptides outcompete
confers the ability of the ER retrieval machinery to dis-endogenously derived peptides for binding to HLA-G.
criminate between low- and high-affinity peptides thatThese results indicate that only HLA-G molecules that
are bound to HLA-G complexes.are bound to peptides that are above a specific affinity
are allowed to continue their forward movement beyond
the medial-Golgi. Characterization of the Cytoplasmic Residues
that Are Critical for Partial Retrieval of HLA-GTo confirm the results obtained with synthetic exoge-
nous peptides, we performed a similar analysis using Our data provide compelling evidence that the dilysine
motif of the truncated cytoplasmic tail mediates “partialthe minigene expression system. Minigenes encoding
either MSIINFEKL (another low-affinity peptide corre- retrieval” of HLA-G rather than “retrieval and complete
retention” at steady state. The position of the dilysinespondent) or MIPAQFYIL were stably expressed in HeLa
cells. Pulse-chase experiments showed that the HLA-G motif at 4 and 5 rather than at 3 and 4 from the C
terminus, as occurs with typical dilysine motifs and/orthat was transiently expressed in these cells displayed
essentially the same transport kinetics as observed with the nature of terminal residue (D), might be responsible
for defining the partial retrieval structure. To test this,exogenous peptides. That is, HLA-G molecules with
high-affinity peptides were more competent for intracel- we constructed a deletion mutant and a series of substi-
tution mutants. A C-terminal aspartic acid residue waslular transport than those with low-affinity peptides (Fig-
ure 4B). These data demonstrate that the rate of trans- replaced with alanine, glutamic acid, phenylalanine, ly-
sine, or asparagine, amino acids that were chosen ac-port of HLA-G could be influenced by peptide ligands.
To investigate whether the increased transport kinetics cording to the composition of the side chains. Pulse-
chase analysis of these substitution mutants (Figure 5A)of HLA-G with high-affinity peptides was accompanied
Quality Control of HLA-G in Post-ER Compartments
219
Figure 4. Effect of Peptide Ligands on Retrieval of HLA-G
(A) Effect of exogenous peptides on the transport rate of HLA-G. HeLa cells were transfected with HLA-G, labeled with [35S]methionine for 10
min, permeabilized with streptolysin O, and chased in the presence of KIPAQFYIL or KGGAQFYIL (100 M).
(B) Effect of endogenous peptides on the transport rate of HLA-G. Labeled HLA-G was immunoprecipitated from cell lysates with the mAb
G233 prior to endo H digestion.
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that were expressed in HeLa cells showed that all of tail. The HLA-A/G tail proteins that were expressed in
HeLa cells were degraded slowly, with kinetics similarthese proteins were slowly transported out of the ER at a
similar rate to that observed for wild-type HLA-G (Figure to that of wild-type HLA-G (Figure 6B, upper panel).
Interestingly, the half-life of HLA-G/A tail proteins was2C), indicating that the amino acids surrounding the
dilysine motif did not contribute significantly to the par- dramatically reduced when compared with that of wild-
type HLA-G (Figure 6B, lower panel). In keeping withtial retrieval phenomenon. Deletion of a terminal aspartic
acid residue (KKSS), which caused shifting of the posi- these observations, endogenous HLA-A, -B, and -C
complexes, as internal controls, also exhibited a fasttion of the dilysine motif to the 3 and 4 residues from
the C terminus, also resulted in a protein that had trans- rate of degradation (Figure 6B, upper panel). Thus, the
longer half-life of HLA-G from the cell surface appearsport kinetics that were similar to the kinetics for wild-
type HLA-G (Figure 5A). Retrieval of these proteins was to be caused by a distinct characteristic of the truncated
cytoplasmic tail, presumably the lack of an endocyticconfirmed by immunofluorescence microscopy of noco-
dazole-treated cells (data not shown). These results indi- motif.
To determine whether the turnover rate of MHC classcate that the partial retrieval of HLA-G by the dilysine
motif is not due to either its position or the properties I molecules is dictated by the rate of endocytosis, we
directly examined the effect of tyrosine (Y344), a potentialof its surrounding amino acids.
The HLA-G/E19 construct, in which the cytoplasmic endocytosis motif that is present in the cytoplasmic tail
of HLA-A2.1, on turnover rates. We first engineered atail of HLA-G is replaced by that of the adenoviral E19
protein, was of particular interest since the last four point mutation in the cytoplasmic tail of HLA-A2.1 by
substituting alanine for Y344 (HLA-A2.1/Y344A). The tyro-amino acids of (KKMP) of the E19 cytoplasmic tail are
necessary and sufficient for ER retention (Nilsson et al., sine-to-alanine mutation in HLA-A2.1/Y344A markedly
increased the half-life of the proteins to the extent of1989). As expected, FACS analysis showed that CD8 was
expressed on the cell surface, whereas CD8/E19 being essentially indistinguishable from the half-life of
HLA-G molecules (Figure 6C, upper panel). This resultwas not (Figure 5C). In contrast to CD8/E19, HLA-G/E19
was expressed on the cell surface, suggesting that a strongly suggests that the tyrosine of the Y344SQA motif
in the HLA-A2.1 cytoplasmic tail acts as an endocytosismotif composed of KKMP did not fully maintain HLA-
G/E19 in the ER. In support of this, the transport rate motif, since its removal results in the observed slow rate
of degradation. This perspective was further supportedof this mutant was essentially identical to that of wild-
type HLA-G or other tail mutants (Figures 2C and 5B, by analyzing another mutant, HLA-G/YSQA, in which the
YSQA motif was added to the C terminus of wild-typerespectively). These results suggest that the function
of the dilysine motif in HLA-G is influenced by other HLA-G. As expected, HLA-G/YSQA showed a rapid turn-
over rate almost equal to the rate observed for wild-characteristics of the molecule, presumably the affinity
of the peptide. type HLA-A2.1 (Figure 6C, bottom panel), indicating that
the YSQA motif can act as an endocytosis signal even
in the context of different sequences, consistent with aThe Absence of Endocytic Motifs in the Truncated
Cytoplasmic Tail Results in Prolonged Retention previous study (White et al., 1998).
Interestingly, HLA-C is unique in that its cytoplasmicof HLA-G Molecules on the Cell Surface
A comparison of the cytoplasmic tails of both classical tail contains a dileucine-based motif rather than a tyro-
sine motif as a potential endocytosis signal. In a similarand nonclassical MHC class I molecules (Figure 2A) re-
vealed that the putative endocytosis signal, either a tyro- approach, we were interested in determining whether
this motif (L361I) could mediate endocytosis followed bysine- or a dileucine-based motif, was present in all MHC
class I molecules but was missing from the six amino rapid degradation. We analyzed the HLA-Cw04/L361A
mutant that contained a point mutation in a potentialacids comprising the short cytoplasmic tail of HLA-G.
To determine whether the absence of a putative endocy- dileucine endocytosis signal in the cytoplasmic tail. The
half-life of the HLA-Cw04/L361A mutant was greatly in-tosis motif affects the half-life of HLA-G from the cell
surface, we measured the degradation rate of biotinyl- creased (Figure 6D, upper panel) compared to that of
the wild-type HLA-Cw04 (see Figure 1A), suggesting thatated proteins following endocytosis. HLA-A2.1 mole-
cules that were stably expressed in 721.221 cells were the leucine of the dileucine motif (LI) might be part of
an endocytosis signal. Likewise, YSQA, the addition ofdegraded with a half-life of around 8 hr (Figure 6A, bot-
tom), whereas HLA-G molecules that were expressed LI to the C terminus of HLA-G (HLA-G/LI), resulted in a
shorter half-life of the proteins (Figure 6D, bottom panel),stably in 721.221 cells were degraded at a much slower
rate, with a half-life of 14 hr (Figure 6A, top). suggesting that the LI motif in the cytoplasmic tail of
HLA-C is sufficient for mediating active endocytosis. InTo further investigate whether the differences be-
tween the cytoplasmic tail of HLA-A and HLA-G give summary, our data show that all MHC class I molecules
except HLA-G contain endocytosis signals in their cyto-rise to the distinct rates of degradation, we analyzed
the tail-exchanged mutants, HLA-A/G tail and HLA-G/A plasmic tails in the form of either tyrosine- or dileucine-
(C) HLA-G surface expression in HeLa cells expressing the minigene encoding MIPAQFYIL.
(D) Inhibition of HLA-G retrieval by high-affinity peptides. HeLa cells were transfected with HLA-G alone or HLA-G and the minigene encoding
MIPAQFYIL.
(E) Interaction of HLA-G with -COP in the presence of high-affinity peptide ligands. Cell lysates were immunoprecipitated with the mAb G233,
and immunoprecipitates were blotted with the -COP mAb (upper panel). As a loading control, the same membrane was reblotted with the
K455 antibody (bottom panel).
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Figure 5. Characterization of the Cytoplasmic Determinants Responsible for Partial Retrieval of HLA-G
(A and B) Transport kinetics of various cytoplasmic tail mutants of HLA-G ([A]) and HLA-G/E19 ([B]). Pulse-chased cell lysates were immunopre-
cipitated with the mAb G233, and immunoprecipitates were treated with endo H.
(C) Cell surface expression of HLA-G cytoplasmic tail mutant. HeLa cells were transfected with CD8, CD8/E19, HLA-G, or HLA-G/E19. After
48 hr, the cell surface expression of the proteins was monitored by flow cytometry.
based motifs, and consequently HLA-G has a longer domain that follows, which is sufficiently long to bury the
motifs and thereby escape recognition by the coatomer-half-life on the cell surface than the other MHC class I
molecules. mediated retrieval machinery (Letourneur et al., 1994).
From this standpoint, HLA-G is likely to have evolved
to recover a cryptic retrieval motif by the truncation ofDiscussion
the distal region of the cytoplasmic domain.
The dilysine motif functioned only in a certain contextOur analysis reveals that HLA-G, unlike classical MHC
of HLA-G molecules. Upon loading with high-affinityclass I molecules, exhibits the retrieval phenomenon at
peptides, the retrieval of HLA-G was abrogated and itsteady state. This finding can be interpreted by the no-
was competent for forward transport to the cell surface,tion that the position of lysines with respect to the C
resulting in upregulation of cell surface expression. Thisterminus is critical for the retrieval function (Jackson et
result suggests that the affinity of the peptide that isal., 1990). Whereas the dilysine motif of HLA-G and all
bound intracellularly to nascent HLA-G ultimately deter-dilysine motifs (KKXX or KXKXX) that have been charac-
mines the destination of HLA-G on the secretory path-terized to date are positioned two to three amino acids
way, retrieval versus forward transport. It seems plausi-from the C-terminal end of the cytoplasmic domain
ble that the loading of high-affinity peptide ligands on(Gaynor et al., 1994; Jackson et al., 1993), the dilysine
the peptide binding groove of HLA-G induces conforma-motifs of classical MHC class I molecules are positioned
tional changes. Such changes might be “translated” intomore than 25 amino acids upstream of the C terminus.
altered recognition of the dilysine motif, thereby inacti-It is likely that the dilysine motifs of classical MHC class
I molecules are permanently masked by the cytoplasmic vating the retrieval motif to various extents, resulting
Immunity
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Figure 6. Comparison of Internalization Rates
of HLA-G and Classical MHC Class I Mole-
cules
(A) Prolonged retention of HLA-G on the cell
surface. 721.221 transfectants stably ex-
pressing HLA-G or HLA-A2.1 were biotinyl-
ated for 30 min. The cells were cultured for
up to 28 hr and lysed in NP-40. Cell lysates
were immunoprecipitated with either G233 or
W6/32 antibodies. Immunoprecipitates were
resolved by SDS-PAGE and probed with
streptavidin horseradish peroxidase.
(B–D) Characterization of endocytosis motifs
in MHC class I molecules. HeLa cells were
transfected with the following tail constructs:
HLA-A/G or HLA-G/A tail ([B]), HLA-G/YSQA
or HLA-A2.1/Y344A ([C]), and HLA-G/LI or
HLA-Cw04/L361A ([D]). Biotinylation and im-
munoprecipitation were done as described
in (A).
in an increased transport rate of proteins. Conditional be inhibited by the human cytomegalovirus TAP inhibitor
US6 (Jun et al., 2000; Lee et al., 1995). Here we observemasking of a retrieval signal reportedly occurs during
assembly of the chains of the human high-affinity recep- that peptide-deficient HLA-G molecules, similar to clas-
sical MHC class I molecules that lack peptides (Hughestor for immunoglobulin E (Letourneur et al., 1995). Pre-
mature export of the unassembled subunits to the et al., 1997), are rapidly degraded in the ER. Additionally,
our data show that in addition to quality control of HLA-Gplasma membrane is prevented by an exposed dilysine
retrieval signal in the cytoplasmic C-terminal domain in the ER, HLA-G binds peptides and exits the ER but
then is retrieved from the post-ER compartments,of the  subunit. Export occurs when the  subunit
oligomerizes with the  subunit and the dilysine signal suggesting that quality control of HLA-G is not limited
to the ER but extends to the Golgi complex. Based onis masked (Letourneur et al., 1995).
We can foresee many functional consequences for our data, it can be proposed that newly synthesized
HLA-G quickly binds a variety of peptides with differentretrieval of HLA-G. Retrieval from the Golgi serves as a
back-up quality-control mechanism for misfolded pro- affinities to avoid ER-mediated degradation and exits
the ER. Then, HLA-G that is loaded with suboptimalteins that somehow escape the ER retention systems.
That selective retrieval from the cis-Golgi can indeed affinity peptides is recycled between the ER and post-
ER compartments until it ultimately binds high-affinityserve as a quality-control function has been demon-
strated with a temperature-sensitive mutant of the vesic- peptides. This scenario is largely compatible with a
model in which quality control of MHC class I moleculesular stomatitis virus G. When overexpressed in Chinese
hamster ovary cells, the misfolded viral glycoprotein, in in the biosynthetic pathway utilizes peptide occupancy
as a criterion for correct assembly. It is noteworthy thatlarge quantities, started to cycle between the ER and
the cis-Golgi (Hammond and Helenius, 1994). Quality peptide selection of MHC class II molecules appears to
be accomplished via a similar mechanism. HLA-DM,control of MHC class I molecules is known to occur
primarily in the ER (Cresswell et al., 1999). Prolonged classified as a nonclassical MHC class II molecule,
serves as a peptide editor: DM catalyzes not only theretention of incompletely assembled proteins in the ER
leads to their degradation (Hughes et al., 1997; Wiertz release of the invariant chain remnant CLIP but also the
release of all sorts of low-affinity peptides and simul-et al., 1996). Peptide-deficient MHC class I complexes,
for example, in mutant cell lines lacking TAP function taneously favors the binding of high-affinity peptides
(Weber et al., 1996).fail to be expressed on the cell surface and are degraded
in the ER or in the ER-Golgi intermediate compartment Our study identifies both specific tyrosine and dileu-
cine residues in the cytoplasmic tail of classical MHC(Howell et al., 1986; Raposo et al., 1995). This quality-
control system ensures that the class I molecule is cor- class I molecules as active endocytosis signals. In sup-
port of this, the presense of an endocytosis motif inrectly folded and assembled and that it does not leave
the ER without a correct peptide in its peptide binding MHC class I molecules has also been deduced from
the observation that deletion of amino acids 323–340pocket. Although the quality-control mechanism of HLA-G
within the ER has not been studied in detail, similar impairs the internalization of HLA-A2 in T cells (Vega
and Strominger, 1989). Interestingly, of the MHC classmechanisms are expected to occur for HLA-G. In sup-
port of this prediction, maturation of HLA-G from the I molecules, only HLA-G does not contain such endocy-
tosis motifs in the truncated cytoplasmic tail, and lossER is also largely TAP dependent, and maturation can
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Products, Inc.) for 20 min, and chased in regular medium for theof the motif results in a longer life span of HLA-G on the
indicated times. Cell lysis, immunoprecipitations, and endo H treat-cell surface.
ment were performed as previously described (Jun et al., 2000).The results (Figure 6) presented here provide informa-
Samples were separated by 12% SDS-PAGE, and gels were dried,
tion only about the steady-state level of proteins at each exposed to BAS film, and analyzed with the Phosphor Imaging Sys-
time point after chase, with endocytosis, recycling, and tem BAS-2500 (Fuji Film Company).
degradation contributing to the equilibrium state. We
also cannot rule out the possibility that the ectodomain
Immunofluorescence Microscopy and Flow Cytometry
of class I molecules may contribute to the differences The cellular localization of proteins was analyzed after fixing cells for
in turnover rates of chimeras. However, point mutations 40 min with formaldehyde (3.7%). The fixed cells were permeabilized
of specific residues, such as a tyrosine or a leucine, in with 0.1% Triton X-100 and incubated with primary antibody. Bound
antibody was visualized with FITC-conjugated secondary antibody.the cytoplasmic tail of classical MHC class I proteins,
For treatment with nocodazole, cells were incubated with mediumwhich is not likely to induce any structural or functional
containing 20 M nocodazole (5 mg/ml stock in dimethyl sulfoxide)change of ectodomain, result in a dramatic increase in
at 37C in a CO2 incubator. Cell surface expression of HLA-G andthe half-lives of mutants, and thus the longer half-life
its mutant forms was determined by flow cytometry (FACScalibur;
must be attributed to the disruption of endocytic signal. Becton Dickinson, Mountain View, CA) as previously described (Jun
The differences in the endocytosis abilities between et al., 2000).
classical MHC class I molecules and HLA-G might reflect
the biological functions that each performs within cells.
Reconstitution of HLA-G TransportAn increased rate of endocytosis and recycling of class
Cells (2  107) were metabolically labeled for 15 min with 0.3 mCi/
I molecules may facilitate peptide exchange, allowing ml of [35S]methionine at 37C. Cells were washed once in cold serum-
class I molecules to bind multiple peptides in one life- free medium and permeabilized by treatment with preactivated
time. Indeed, these recycling class I molecules can bind streptolysin O (Murex, Norcross, GA) on ice as previously described
(Androlewicz et al., 1993). Cells were incubated at 37C for 90 minnew peptides at the acidic pH of endosomes (Gromme
and 180 min in 1 ml of intracellular transport buffer (50 mM HEPESet al., 1999). Furthermore, in vitro study (Reid and Watts,
[pH 7.0], 78 mM KCl, 4 mM MgCl2, 8.37 mM CaCl2, 10 mM EGTA,1990) suggests that class I protein endocytosis facili-
and 1 mM dithiothreitol) containing HeLa cell donor cytosol, ATPtates a mechanism of presenting exogenous peptides
regeneration solution (Androlewicz et al., 1993), and high- or low-
to CD8 T cells. In the absence of a cellular mechanism affinity peptides (100 M) for HLA-G. The cells were then washed
to internalize HLA-G, which would result in an unusual two times in intracellular transport buffer and lysed in detergent
stability on the cell surface in vivo, the turnover of HLA-G before immunoprecipitation.
complexes at the surface of placental cells might be so
slow that the presentation of exogenous peptides would Endocytosis Rate of Biotinylated Protein at Cell Surface
be inefficient. The presentation of exogenous peptides Cells (	106) were washed gently two times in ice-cold PBS with 1
to CTL is carried out only in subpopulations of distinct mM MgCl2 and 0.1 mM CaCl2 (PBS-MC). Cells were incubated with
sulfo-NHS-biotin working solution (Pierce; 0.5mg/ml) with gentlecell types, such as professional antigen-presenting cells
shaking for 20 to 40 min at 4C. After washing, biotinylated cells(Dasgupta et al., 1988; Schwartz et al., 1984), and, proba-
were cultured in medium containing 10% fetal bovine serum forbly, the unique tissue distribution of HLA-G expression
various times and were then solubilized in Nonidet P-40 (NP-40).never requires HLA-G to perform this function. Taking
After immunoprecipitation, proteins were separated on SDS-PAGE
this into account and the fact that so far no evidence and transferred to an Immobilon-P membrane (Millipore, Bedford,
exists on the antiviral function by HLA-G, we favor a MA) for Western blot analysis.
model in which the primary function of HLA-G is not
peptide presentation to the TCR, but is, rather, serving
DNA Constructs and Peptide Synthesisas an inhibitory ligand for NK cells.
HLA-G1 cDNA that encodes full-length HLA-G was kindly provided
by Dr. Geraghty. The cDNA was subcloned as a BamHI-EcoRI frag-
Experimental Procedures
ment into the pcDNA3.1 vector (Invitrogen, San Diego, CA). Chimera
plasmids and a replacement mutant were constructed as shown in
Cells and Antibodies
Figure 2B. Respective DNA fragments were amplified by PCR withThe human choriocarcinoma cell line JEG-3 and HeLa cells were
oligonucleotides that introduced the appropriate, unique restrictioncultured in Dulbecco’s modified Eagle’s medium (Life Technologies,
sites. We generated variants in the cytoplasmic tail of HLA-G byRockville, MD) supplemented with 10% fetal bovine serum (Hyclone,
PCR amplification, in which we paired the HLA-G 5
 primer thatLogan, UT), penicillin (50 U/ml), and streptomycin (50g/ml). 721.221
contains a BamHI site and Kozak sequence with the 3
 primer thatcells which had been transfected for stable expression of HLA-G1
contains an EcoRI site and the desired C-terminal modificationswere generously provided by Dr. Geraghty (Fred Hutchinson Cancer
(Figure 5). Amplification products were digested with BamHI andResearch Center). The monoclonal antibody (mAb) W6/32 recog-
EcoRI and cloned into pcDNA3.1. Tyrosine-to-alanine (in HLA-A2.1)nizes only MHC class I heavy chains associated with 2m. The mAb
and leucine-to-alanine (in HLA-Cw04) replacement mutations wereG233, which interacts specially with HLA-G, was a kind gift of Dr.
made by changing the TAC tyrosine codon and the CTC leucineLoke (University of Cambridge). The mAb OKT8 recognizes the hu-
codon to the GCC alanine codon. The minigene that encodesman CD8, and the K455 antibody reacts with MHC class I heavy
MIPAQFYIL was generated by hybridizing the 5
-GATCCACCATGATchain and 2m in both assembled and nonassembled forms. The
CATCCCACGTCACCTTCAACTCTGAG-3
 and 5
-AATTCTCAGAGTrabbit polyclonal antibody to PDI (SPA-890) and the anti--COP mAb
TCAAGGTGACATGGGATGATCATGGTG-3
 oligonucleotides. The hy-M3A5 were purchased from Stress Gen (Victoria, British Columbia,
bridized product was digested by BamHI and EcoRI and then clonedCanada) and Sigma (St. Louis, MO), respectively. Rabbit polyclonal
into pcDNA3.1. Similarly, the minigene that encodes MSIINFEKLantibodies to p58 and mannosidase II were kindly provided by Dr.
was cloned into pcDNA3.1. HLA-G/E19 contains the luminal andPettersson (Ludwig Institute for Cancer Research) and Dr. Moremen
transmembrane domains of HLA-G, followed by the cytoplasmic tail(University of Georgia).
of E19 (amino acid sequence RSFIDEKKMP). Construction of the
CD8/E19 has been previously described (Jackson et al., 1990).Pulse-Chase and Immunoprecipitation
KIPAQFYIL and KGGAQFYIL peptides with 	95% purity were pur-Cells were starved for 30 min in medium lacking methionine, labeled
with 0.1 mCi/ml [35S]methionine (TranS-label; NEN Life Science chased from Genemed Synthesis Inc. (San Francisco, CA).
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